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Introduction
Although a large number of books on the infrared spectroscopy of Most of the vibrational absorption bands [1] are found in the range^from 2 to 100 (5000 to 100 cm"'); but, as the spectrometers usually available to the organic chemist cover the range ' The author thanks Frank S. Parker ' The position of a band in this region of the spectrum is expressed in two ways: (a) as the wavelength (X) in ;jm [micrometers: 1 iim = 10-^m, commonly called microns (p.) ], or (b) as the wavenumber (•-) in reciprocal centimeters (kaysers) . The velocity of light (c, in cms-') is equal to the wavelength of one vibration times the number of vibrations per second; that is, c=Xi'. The wavenumber is the reciprocal of the wavelength; thus, >-(in cm-i) = l/X (in cm), or V (in cm-') = 10</X (in pm (5000 to 400 cm"') , and a prism of cesium bromide for 15 to 40 Mm (667 to 250 cm"').
For rapid, routine recording of useful but less accurate spectra, smaller (and cheaper) prism instruments are available as an analytical tool.
In the range of 10 to 15^im (1000 to 667 cm"').
such an instrument can routinely give wavenumbers accurate to ±2 cm~^In the range of 2.5 to 10 nm (4000 to 1000 cm~^), the inaccuracy is increasingly greater with increasing wavenumber nevertheless, the reproducibility is satisfactory. [5, 6] ; this effect has been used in studying intramolecular
hydrogen-bonding in model compounds related to sugars [7] .
Pelleting of certain free sugars with an alkali halide changes a crystalline sample to an amorphous form [8, 9] traces of sodium bromide or sodium iodide present in pellets of the corresponding potassium halide [9] .
If the pelleting halide is not dry [10] , or acquires moisture, the sugar may mutarotate or form a hydrate should the pellet be stored [11] .
Consequently, such spectra should always be compared with those obtained for a Nujol mull of the compound, or the pellets should not be stored. However, even though examined immediately after preparation of the pellets, eight of 24 aldopyranosides [12] showed interaction with the pelleting halide, and six of 27 free sugars [13] gave spectrograms that were different in Nujol and in potassium iodide.
3.2.
Comparison of Samples
As a result of recording and comparing the infrared spectra of a large number of organic compounds, it has been found that every compound having a unique structure gives a unique spectrum. Consequently, for an enantiomorphic pair, every detail of whose structure is identical (but in mirror image), the spectra of the solids, in the same polymorphic modification, are identical [3] . The spectra may differ slightly because of polymorphism, but, for the gaseous or liquid (melt, or solution) phases, the spectra are identical.
Also, for a large molecule, a slight change in structure may change the spectrum only slightly.
Thus, proceeding up a series of oligosaccharides containing the same anomeric form of the same monosaccharide residue only, the spectra for the tetraose, pentaose, hexaose, etc., become more and more alike [14] .
Consequently, with these exceptions, pure compounds can be identified unequivocally by their infrared spectra. For a carbohydrate, the infrared spectrum is usually a much more specific and characteristic property than the ultraviolet spectrum, melting point, boiling point, density, or refractive index. Thus, although the anomers of a sugar or glycoside differ only in the orientation at one carbon atom, their spectra are quite different [14] . Also, the spectrum of the furanoid form of a sugar derivative differs from that of the pyranoid form in the same anomeric modification, as with methyl /3-D-ribofuranoside and /3-D-ribopyranoside [15] .
Hence, the simplest use of infrared spectra is for the identification of a compound. The spectrum of a sample to be identified is compared with the spectra of pure compounds of known structure, measured with the same sampling technique. In this use, it is not necessary that the spectra be analyzed for characteristic absorption bands.
However, availability of reference spectra [16] [17] [18] [19] [20] of related, ])ure compounds is essential.
Another use is the precise identification of spectra already in the literature, where the compound studied had been inadequately described.
For example, in 1950, Kuhn [14] recorded the spectra of 10 of the-crystalline sugars, each in a Nujol mvill; but, except for one (a-D-glucose) , he did not mention which anomer had been employed.
Similarly, Urbanski et al. [21] recorded the spectra of six sugars, without specifying the anomeric form. These have since been identified [13] by comparison with, the spectra of authentic anomeric forms of those sugars.
In another application, infrared spectra can be by recrystallization from aqueous ethanol [22] .
In contrast, figure 1 shows the spectrum of pure crystalline ;8-D-ribose [13] and that of a commercial IlIIIIIIIiIiiI I III I I I I I I I I I I I   I   I   II I I I I I I I . I I I   9   10 WAVELENGTH, /xm (From Refs. [19] and [20] acetylated glycosides were studied [18] , together with those for 21" nonacetylated glycosides [12] . It In figure 2 are shown the spectra of 1,2,3,4-tetra-(?-acetyl-j3-D-xylopyranose (l) [20] and of /v-acetyl-2,3,4-tri-C-acetyl-/3-D-xylopyranosylamine (2) [19] (3255 cm-i); this occurs at 3.03 mhi (3300 cm"') for 5-hexyne-D-/t/a;o-l,2,3,4-tetrol tetraacetate [23] and at 3.11 Mm (3215 cm-i) for l,2:3,4-di-(?-isopropylidene-6-heptyne-D-^ufo-l,2,3,4,5-pentol [24] Ar-H at 3.28 Mm (3050 cm"'); olefinic =C-at 3.31 Mm (3020 cm-'); -CH2-doublet at 3.42 Mm (2925 cm-') and 3.51 Mm (2850 cm"'); and C-methyl doublet at 3.38 Mm (2960 cm"') and 3.49 Mm (2865 cm"'). Thus, a group of 28 cychc acetals of various sugars all showed [4] a band at 3.32 to 3.37 Mm (3010 to 2965 cm"'). As regards 0-methyl, all of 21 methyl aldopyranosides studied [12] showed a characteristic C-H stretching band at 3.47-3.52 Mm (2882-2841 cm"'), not shown by C-methyl or ethoxyl groups [25] ' that permits detection of the glycosidic methoxyl group.
Some deformation frequencies for C-H are:
-CH2-at 6.89 Mm (1450 cm"'), and C-methyl [26] and sugars [27] For example, fran.s-3-hexene-D-f/i,reo-l,2,5,6-tetrol [28] shows bands at 7.55 and 10.25 Mm (1325 and 976 cm"') ; its 1,2 :5,6-di-(?-isopropylidene derivative shows bands at 7.65 Mm (1307 cm"') and 10.30 Mm (971 cm"').
Whiffen et al. [29] have succeeded in identifying the C-H deformation vibrations at the anomeric carbon atom of various aldoses by replacing the hydrogen atom on C-1 with deuterium. For example, to prepare a-n-glucopyranose-i-C-rf, they dissolved n-glucono-l , 5- thus, D-glucosylamine shows a band at 6.17 Mm (1621 cm"'), and 2-amino-2-deoxy-Dglucopyranose at 6.25 Mm (1600 cm"') [3] . A band at 6.33 to The spectra of 16 1-acetamido derivatives of sugars [19] showed at least one band at 2.98 to 3.09 Mm (3356 to 3236 cm"'), attributed to Nstretching; and, at 6.35 to 6.49 Mm (1575 to 1541 cm"'), the Amide II band. In a study of the spectra of 60 1-acylamido derivatives of aldofuranoid, aldopyranoid, and acyclic sugars [2] Amide II) The acyclic, l,l-bis(acylamido)-l-deoxyalditols showed [2] two Amide II [5] . In this way, the extent of intramolecular hydrogen bonding may be de- termined [7, 30] (From Ref. [7] .)
conformations (as against non-chair conformations). For compounds that are" insufficiently soluble in carbon tetrachloride, Akermark [31] has suggested the use of |)-dioxane, which disrupts intermolecular hydrogen-bonds but does not affect strong intramolecular hydrogen-bonds. In solution, both penta-(9-acetyl-aMe%(^o-Dgalactose aldehydrol and the corresponding ethyl hemiacetal show [17] The OD bands in the spectra of fuUy 0-deuterated sugars have been examined [32] [26] and sugars [27] Thus, for the acyclic form of certain aldoses and ketoses (in a lyophilizate of the mutarotational equilibrium mixture), an extremely weak band is detectable [13] at 5.82 Mm (1718 cm"'). Kuhn [14] attributed a band at 6.2 Mm (1613 cm~') shown by periodate-oxidized methyl a-D-glucopyranoside to aldehydic carbonyl. Periodate-oxidized cellulose shows only a very weak band [35] , and has been shown [36] [18] at least one band in the region of 5.67 to 5.76 Mm (1764 to 1736 cm~0 ; all of 8 reducing, pyranose acetates showed [19] [20] showed a band at 5.69 to [3] . Because an ionized carboxyl group mil absorb in this region, the spectra of such polysaccharides as chrondroitin sulfate should be recorded for films cast from an acid solution.
The carbonyl group in the S'-acetyl group, _S-(C=0)-CH3, shows [48] a band near 5.95 Mm (1680 cm"^). Thus, this group can be distinguished from the 0-acetyl group, absorbing near 5.75 Mm (1740 cm~^) and the A^-acetyl group, absorbing near 6.10 Mm (1640 cm"^). 4 [4] a carbon -oxygen stretching band (strong) at 6.11 to 6.25 Mm (1637 to 1600 cm-i) that distinguishes carboxylate anions from the C=0 stretching band of esters, and a band (medium strength) at 7.04 to 7.69 Mm (1420 to 1300 cm-i). [22] . p-Toluenesulfonic esters of alditols [26] showbands at 7.3 to 7.4 Mm (1370 to 1350 cm-') and at 8.4 to 8.5 Mm (1190 to 1175 cm-') for the asymmetrical and symmetrical stretching modes of the -SO2-group [50, 51] . Sulfonic esters of sugars usually show two bands in each region [27] .
Bands for C-O-S at 11.8 to 11.9 Mm (848 to 840 cm-i) and 11.2 to 11.4 Mm (893 to 877 cm;') have been correlated with the axial or equatorial disposition of the sulfonic ester group (see page 16 ).
The C=S group of thionocarbonates shows [52] bands at 7.52 Mm (1330 cm"') and at 7.65 Mm (1307 cm-'); a band at 8.40 Mm (1190 cm"') is also found [51] .
Dimethylthiocarbamates of sugars show, for 0C(=S)NMe2, a strong band [53] When the infrared spectra of additional glucopyranose derivatives were reported in their next paper [57] , slightly different positions were found for bands of type 2a and type 3 (see table 3 In addition. Barker and co-workers [58] found that 2-and 3-deoxy derivatives of gluco-, manno-, and galacto-pyranose show absorption at 11.51 to 11.56 iJLxn (869 to 865 cm ; seven 6-deoxy derivatives of mannopyranose or galactopyranose show a band near 10.34 Mm (967 cm"').
i Application of these correlations [56] [57] [58] has' proved useful [3] in the study of many relatedcompounds, including oligo-and poly-saccharides. Assignments suggested [3, [56] [57] [58] [2, 4, 19] that these correlations are, in » most instances, restricted to the compounds they si studied, and cannot be extended to have a wider diagnostic applicability to related compounds.
\
In 1962, the infrared spectra of most of thei readily available, unsubstituted aldo-and keto-i pentoses and aldo-and keto-hexoses were pub- [58] group rocking1 Antisymmetrical ringvibration <^1 0. 90 917 [56] 2b Anomeric C-H axial 11. 22 891 [56] bona 2c 11/quatorial Cdeformation (other than anomeric C-H) 11. 36 880 [57] Rmg-methylene rocking 11. 53 867 [58] vibration (if not adjacent to the ring2a Anomeric C-11. 85 844 [56] equatorial bond 3 Symmetrical ringbreathing vibration 12. 99 770 [56] Mean value.^This band may not have diagnostic value.
" For glucopyranosc derivatives.
lislied [13] . In 1964, Verstraeten [60] made a study of these spectra, together with those of some additional 2-ketoses, and obtained evidence that most of the common sugars having a cyclic structure, and their derivatives, display type 1 absorption at a mean value of 10.76 nm (929 cm"'). Hence, the type 1 (type A) band has no diagnostic value for distinguishing between aldoses and ketoses, and between glycofuranoses and glycopyranoses. Moreover, as the type 1 band is shown [2] by acyclic 1-acylamido derivatives of sugars, it has no diagnostic value for distinguishing between cyclic and acyclic forms of such compounds, either.
The same author [60] whereas the a anomer in the favored conformation, which has an axial hydroxyl group at C-1 shows absorption at 13.16 fim (760 cm"').
It was found [60] that 2-ketoses display "type I" bands at 11.44 Mm (874 cm"') and "type IIA" bands at 12.24 fxm (817 cm"'), regardless of whether the 2-ketoses are pyranose or furanose.
These bands were ascribed to the presence of the following structural feature and were tentatively assigned to a skeletal vibration. However, six aldoses also show these bands. The type I band, which appears to be the same as Barker's type B band for aldo-and keto-furanoses at 11.38 fim (879 cm"'), has [2] no diagnostic value for 60 aldofuranoid, aldopyranoid, and acyclic 1-acylamido derivatives.
The type IIA band lies in about the same range as Barker's type D band for aldo-and ketofuranose derivatives, which is at 12.52 fj.m (799 cm"'). If the hydroxyl groups of a 2-ketofuranose are substituted, or if C-2 of the 2-ketofuranose is joined to a pyranoid or furanoid structure, a type IIB band appears at 11.99 Mm (834 cm"'), in addition to, or instead of, the type IIA band.
Verstraeten [60] found that only furanoses give "type 2" absorption at 11.76 Mm (850 cm"'). He stated that his type 2 absorption is the same as the type C absorption of Barker and Stephens [59] , and, to avoid confusion, it should be referred to as the latter. The type C band is given by both aldo-and keto-furanoses, and therefore cannot be used for distinguishirg betv een them.
It has been found [2] that, if an A^-acetyl group (but no ester group) is present, the bands of types C, 3 
Conformational Studies
In studying the conformations of sugar derivatives, the most direct information is obtained by nuclear magnetic resonance spectroscopy.
However, the empirical correlation of infrared spectra has been used [12] As an example, the spectra of the a and /S anomers of methyl D-xylopyranoside and methyl L-arabinopyranoside were studied [12] . All bands shown in common by the four glycosides were ignored. All bands then shown in common by the two xylosides were regarded as characteristic of the xylo configuration and were ignored; similarly, all bands shown in common by the two arabinosides were ignored. This left a set of bands differentiating between the anomers of the xylosides, on the one hand, and between the arabinoside anomers, on the other (see table 5 ). This indicated a similarity between the /3-D-xylopyranoside and the a-L-arabinopyranoside. Since the conformation of methyl /3-D-xylopyranoside has been shown [61] by x-ray studies to be that depicted in fig. 4 This correlation is purely empirical, but the same kind of comparison has been made for other pairs of anomers of (a) methyl aldopyranosides [12] , (b) acetylated methyl aldopyranosides [18] , and (c) fully acetylated aldopyranoses [20] . In Table . 5. Anomer-differentiating bands (cm~^) shown by four methyl pyranosides [12] D-xyl 0 D) probably has an equatorial sulfate group on C-6, and chondroitin sulfate A (and B) has an axial sulfate group on C-4 of the 2-acetamido-2-deoxy-D-galactose residues. Chondroitin polysulfate has sulfate groups at both C-4 and C-6.
Similarly, X-carrageenan shows [63] The elementary approach has been applied [13] in studying the mutarotation of sugars. [64] . In contrast, for n-talose, the spectrum of the lyophilizate showed bands absent from the spectrum of either anomer of the pyranose form. These results also agreed with those of the earlier work [65] (namely, that the equilibrium mixture contains the a-and /S-furanose forms), and have since been confirmed, and quantified, by n.m.r. spectroscopy [66] .
5.2.

Quantitative
Mutarotation of sugars has also been studied quantitatively. Parker [67] (From Ref. [17] .)
N-H, C=0, C-N, etc. To a first approximation, the intensity of an absorption band characteristic of a specific group is proportional to the amount of that group present. Figure 5 shows part of the infrared spectra of equimolar solutions of three acetylated methyl glycopyranosides [17] . [65] as a byproduct from the action of peroxybenzoic acid on o-galactal. There seemed a possibility that it might be a l,2-(orthobenzoate) (3a), and so, its spectrum was compared [68] with that of l,2-(9-(l-methoxylethylidene)-Lrhamnose (4) . As may be seen from figure 6 , the latter has no' band at 5.77 Mm (1733 cm~^), whereas X has a strong ester-carbonyl absorption there. Hence, X is not an orthobenzoate but a benzoate; it was thought to be 1-0-benzoyla-D-talose, but was later [69] shown to be the jS-D anomer (3) . (From Ref. [68] .)
For sugars in which the hetero-atom of the ring may be nitrogen, the infrared spectra show immediately which form has this structure. For example, for the two ring-forms of 5-acetamido-5-deoxy-L-arabinose [70] In another example, 4-acetamido-4,5-dideoxy-2, 3-(9-isopropylidene-aMeA?/(Zo-L-xylose shows bands [71] The Schiff-base structure (9) was proposed [72] for A''-o-tolyl-D-glucosylamine, because itŝ hows a C=N band at 6.05 Mm (1653 cm~^).| However, the pure compound shows [15] no band at 6.05 Mm (1653 cm"'), indicating that the structure is cyclic, probably the pyranoid form 10 . All of the A^-substituted glycosylamines examined by Ellis [15] were found, from their spectra, to have a cyclic structure.
) III The oximes of arabinose [72] , rhamnose [72] , and fructose [73] [72, 73] , and is, presumably, cyclic. The acetyl derivatives of sugar oximes are undoubtedly cyclic, as they show the characteristic bands for the A^-acetyl group [73] .
Infrared spectroscopy has proved to be inappropriate for determining whether A^^^-substituted hydrazones of sugars are cyclic or acyclic. Even for A^^-substituted hydrazones that are known to be acyclic, the intensity of the C=N band is so weak as to be unobservable [74] . Phenylosazones of sugars are known to exist preponderantly in the acyclic form, and they show [75] the C=N band at 6 hydrogen-bonded in a crystalline manner, and this ratio thus provides a measure of the crystaUinity [80] .
The directions of the hydroxyl groups in celluloses were determined by using plane-polarized, infrared radiation [81] (see sec. 6). It was shown that the OH band at 3.02 fxm (3309 cm-^) is "perpendicular," and it was suggested that some of the hydroxyl bonds lie along the chain direction and form intramolecular hydrogen bonds.
The spectrum of starch indicates [82] that the hydroxyl groups are extensively hydrogen-bonded.
The spectrum of potato starch differs from that of corn starch, especially in absorption regions for oxygen-containing groups. Thus, absorption is stronger [83] for the corn starch at 5.95 nm (1681 cm-i), 9 Mm (2900 cm~^) have been assigned [86] These have been correlated [79] with the results of x-ray diffraction studies, which show [55] [89] to the study of 20 carbohydrates in the region of 14.29 to 40.00 Mm (700 to 250 cm-^). For those compounds whose transmittance spectra in this region had previously been recorded [12, 13] , the attenuated total reflection spectra were in good agreement. In this range, the anomers of a sugar studied for some 1,3-dioxolane compounds related to sugar acetals [91] 
